The mechanistic aspects of the sorption of Basic Blue-3 and Basic Red-22 on to cement kiln dust (CKD) have been investigated. The by-pass kiln dust before and after washing with water was characterized by X-ray diffraction methods, IR spectroscopy and elemental analysis. Two forms of by-pass kiln dust were used in this study without any treatment, i.e. in powder and pelletized form (the latter being achieved using water or sodium silicate).
INTRODUCTION
Athough the textile industry provides one of the most important economic activities in the Middle and Far East, it is associated with significant water pollution characteristics. In fact, this branch of industry is, at present, facing increasingly stringent international (and soon Egyptian) environmental regulations and standards for wastewater discharge.
Textile manufacturing requires the use of a variety of raw materials, chemicals and industrial processes. This results in wastewater that contains many potentially harmful elements and compounds, such as suspended solids, organic matter and heavy metals. One of the major environmental problems associated with textile wastewater is the removal of dyes from effluents because the colour is visible to the public even if the dye concentration is lower than that of other pollutants. This requires the removal of such dyes from wastewater before its discharge (McKay et al. 1986) .
Although adsorption processes produce high-quality treated effluents, most systems require the use of activated carbon which is costly and which poses regeneration problems. Recently, treatment by activated carbon adsorption has proved to be an effective replacement for combined chemical and biological treatment although at a relatively higher cost (Lin 1993a,b) . In an attempt to lower the material cost, the use of peat, wood, sawdust, Fuller's Earth, fired clay and some other low-cost materials has been studied as alternatives (Nassar and El-Geundi 1991; El-Geundi 1990; McKay et al. 1985; Asfour et al. 1985) .
About two million tonnes of cement kiln dust (CKD) accumulate annually at cement plants in Egypt. Being a very fine dust, it causes serious air pollution problems so that there is a strong case for its disposal. For this reason, much work has been undertaken aimed at recycling or re-using CKD as a raw material, fertilizer and/or construction material, and for improving sand/soil properties (Kobeleua et al. 1969; Thorbjorn 1969; Shreve and Brink 1985) .
The present study has involved the investigation of the adsorption of two basic dyes, viz. Basic Blue-3 and Basic Red-22, on to cement kiln dust.
EXPERIMENTAL

Materials
The dyestuffs employed and their structures are given in Table 1 and Figure 1 , respectively. The dyestuffs were used as their commercial salts. The adsorbent (CKN) was obtained from the by-pass kiln of the white cement factory located in Upper Egypt (El-Minia Governorate). Sieve analysis (Table 2) demonstrated that the particle size ranged between 0.3 mm to less than 0.075 mm with 85% of the material being less than 0.18 mm in diameter. For this reason, the CKD was used without further screening. The chemical composition of CKD as obtained by X-ray analysis is listed in Table 3 .
Two forms of CKD were used without treatment in the present studies, viz. in a powder form and pelletized. Pelletization was undertaken using a laboratory disk pelletizer either without binder (i.e. with water alone), on the basis of water contained in the pores between the ore particles which exhibits a capillary force binding the particles together, or with sodium silicate added as a soluble binder. The pellets produced by both methods exhibited a reasonable crushing strength (Table 4) which allowed them to be handled successfully. Time length for which pellets were stored before crushing.
Figure 2.
Infrared spectra of cement kiln dust (a) before and (b) after washing with water. For peak descriptions, see data in Table 5 .
Six adsorption systems were studied, viz. unwashed powder + BB-3 (H-1), unwashed powder + BR-22 (H-2), pellets with water + BB-3 (H-3), pellets with water + BR-22 (H-4), pellets with sodium silicate + BB-3 (H-5) and pellets with sodium silicate + BR-22 (H-6).
Analysis
The concentration of colouring matter was determined using a Spectra-plus MKIA spectrophotometer employing a 1-cm light path cell. The wavelength was selected so that the maximum absorbance for each dyestuff was obtained, the corresponding l max values being listed in Table 1 . The absorbance was found to vary linearly with concentration in accordance with the Lambert-Beer law, with dilutions being undertaken when the absorbance exceeded a value of 0.6.
Methods
Equilibrium isotherms were determined by contacting a given mass of cement dust contained in glass bottles with 25 ml of dye solution of concentration in the range 40-1000 ppm. The bottles were subsequently sealed and stored at room temperature for various time lengths. It was found that an equilibrium time of 2 d was sufficient for each dye system studied. Thus, after this time the samples were centrifuged and the concentration of dye in the supernatant liquid measured spectrophotometrically.
RESULTS AND DISCUSSION
Effect of washing
Infrared (IR) spectroscopy could be used profitably to identify the functional surface groups of the sorbent. For this reason, the IR spectra of CKD were analyzed (William and Fleming 1973; William 1979) to study the surface modification of the sorbent after washing with distilled water. Figure 2 depicts the IR spectra obtained for CKD before and after such washing. The presence of characteristic O=S=O absorption bands corresponding to the stretching frequency at 1370 cm -1 (asym.) and 1190 cm -1 (sym.) as well as absorption bands for Si-OH, C=O and C-Cl at 3670, 1790 and 750 cm -1 , respectively, in the spectrum depicted as (a) in Figure 2 and the absence of the same from the spectrum depicted as (b) indicate the dissolution of chlorides, sulphites and some alkalis present in the cement dust on washing the latter. The remaining peaks in spectrum (a) are also less intense in spectrum (b). This demonstrates that washing with water had an adverse effect on the sorption capacity due to the removal of active sites from the surface of CKD, with the result that the adsorptive capacity towards the two dyes studied diminished. Table 5 lists the assignments for the various functional groups depicted in the IR spectra of unwashed and washed cement kiln dust. These data are in good agreement with the elemental analysis data listed in Table 6 . 
Sorption isotherms
The equilibrium adsorption data (Figures 3 and 4) were fitted with several well-known isotherm models. A computer program was used for estimating the various coefficients associated with these models employing a non-linear optimization technique. The value of the mean absolute percentage error, i.e. ½[q e (experimental) -q e (predicted)]/q e (experimental) × 100]½, was selected as the test criterion for the correlation fit (Khan et al. 1997) . The results of the fitting procedure are presented in Table 7 (a) and (b), respectively. From the data presented, it will be seen that the Langmuir isotherm (Tütem et al. 1998 ) gave the poorest fit, deviating quite considerably at high solution concentrations and slightly less at low concentrations. In contrast, the Freundlich isotherm (Irvine 1993) yielded an excellent overall fit but required a different representation of the isotherm over two distinct solution concentrations as listed in Table 7 (a). The fit was far worse if the representation was employed over the whole concentration range studied. The need for a piecewise Freundlich fit of adsorption data has also been reported for other sorbate/activated carbon systems (Fritz and Schlünder 1981; Noll et al. 1992) . Of the three-parameter models investigated in the present study, the better known Redlich-Peterson isotherm (McKay 1995) gave a somewhat better fit than the rarely used Toth isotherm (Toth 1971) . Although both models provided a satisfactory fit to the isotherm data over most of the concentration range studied, the most recent generalized isotherm model (Khan et al. 1997 ) was much better than both.
However, although three-parameter models provided a satisfactory fit to the isotherm data over most of the solution concentration range, none of them described the flat portion of the experimental isotherm curve accurately. To overcome this problem, the empirical four-parameter Fritz-Schlünder isotherm (1974) was also tried in the expectation that the introduction of a fourth parameter would enhance the fit to the flat portion of the isotherm. Although use of this isotherm did improve the overall fit, yielding a correlation coefficient close to or better than those obtained for three-parameter isotherm models, it still did not improve the fit at higher concentrations to any significant extent. For this reason, the piecewise Freundlich fit was chosen as the best representation for adsorption systems H-2 and H-3 depicted in Figures 5 and 6. Figure 7 provides a comparison of the fit to the experimentally determined adsorption isotherm data for the H-6 system obtained with all the isotherm models studied.
Fixed-bed studies
The adsorption capacities were determined using experimental data from column studies by integrating the upper section for the concentration versus throughput volume curves. Figure 8 depicts the breakthrough curves for BB-3 obtained at an elution rate of 20 ml/min for various bed depths (5, 15 and 25 cm) . The total integrated amount of adsorbate measured after 240 min was divided by the weight of sorbent placed in the column to yield the adsorption capacities for Basic Blue-3 dye on cement dust pelleted with sodium silicate. In this way, adsorption capacity values of 1.92, 0.64 and 0.34 g dye/g cement dust were obtained for the three bed depths studied.
Since these capacities were quite low compared with the Langmuir or Freundlich capacities presented in Table 7 (a), it was concluded that full saturation of the active sites on the sorbent had not been achieved because of the limited time allowed for equilibration under dynamic column conditions. 
Mechanism of dye sorption
Unfortunately, sorption does not always proceed via a simple single-stage process (Schwarzenbach et al. 1993) . It is possible that initially a dye molecule may escape from the aqueous phase by penetrating the natural organic matter contained in the particulate phase. In addition, however, a dye molecule may to some extent displace water molecules from the region near the mineral surface and thereby be associated with the surface via van der Waals, dipole-dipole and/or other weak intermolecular forces.
These two mechanisms for sorption are quite general but, in the case of a basic dye molecule, the latter may ionize to yield a coloured cation capable of undergoing electrostatic attraction with the particle surface. For the cases considered in this study, the CKD particles may be considered as a natural solid. However, natural solids that are oxides and oxyhydroxides (e.g. SiO 2 , Al 2 O 3 , etc.) provide surfaces covered with hydroxy groups when immersed in aqueous media. Such hydroxy moieties can undergo proton-exchange reactions with the aqueous solution (Schwarzenbach et al. 1993) . All of these various interaction mechanisms can operate simultaneously.
The decrease in adsorption capacity noted after washing the CKD particles could be due to the dissolution of Cland SO 3 2ions and/or some other alkalis present in the cement dust (see data listed in Table 6 ). Experimentally, it was noted that the total amount of dissolved substances increased after treatment of the dye solutions with cement dust due to dissolution of the alkalis and sulphite ions present in cement dust (thus, 25% of the material dissolved when 5 g cement dust was washed with 600 ml water and stirred for 25 min). This means that washing with water led to the loss of some active sites responsible for the sorptive capacity. Conversely, the increase in capacity after pelletizing with water rather than with sodium silicate could be due to the silicates present (Lee 1979) causing a chemical change in the surface of the cement dust that led to a decrease in sorption capacity towards the two dyes studied. In both cases, it was found that the capacity of the pelletized form was less than that of the unwashed powdered form. Overall, the uptake order for the samples studied was: unwashed powdered > pellets with water > pellets with sodium silicate. In addition, the nature of the adsorbate had an influence on its uptake, with BB-3 generally exhibiting a higher uptake capacity relative to BR-22 because the O atom in the former is more electronegative than the N atom in the latter. This will result in an enhanced electrostatic attraction.
